The CERN COMPASS experiment may use 100-280 GeV pion and Kaon beams and magnetic spectrometers and calorimeters to measure Hybrid (mixed quark-gluon) meson production cross sections in the ultra-peripheral Primakoff scattering of high energy pions and Kaons from virtual photons in the Coulomb field of High-Z targets. There are strong advantages to study Hybrid mesons by the Primakoff reactions π − γ → Hybrid → ρπ, ηπ, η ′ π, πb 1 , πf 1 ; and similar reactions with a K − beam. Such data should provide significant new input for a more complete understanding of the strong interactions of QCD. A brief description and update of this program is presented.
PIONIC HYBRID MESONS
The CERN COMPASS experiment focuses on important issues in the physics of strong interactions, hadron physics, the study of the structure of systems (mesons, baryons, multiquark exotics, Glueballs, mixed quark-gluon Hybrid mesons, quark-gluon plasma, etc.) directly built from quarks and gluons. This report deals with the COMPASS Hybrid meson program. The Hybrid (quark-antiquark-gluon, qqg) mixed quark-gluon mesons are exotic particles predicted by QCD [1, 2, 3, 4] . The unambiguous discoveries of these exotic meson states will be major landmarks in hadron spectroscopy. Of course, the Fock state of a meson is represented as an infinite expansion of different quark and gluon configurations. Our meaning here is that in a Hybrid meson, the qqg component dominates. In QCD, the force between quarks, which carry the strong force color charge, is mediated by the exchange of gluons, which themselves carry color charge. In ordinary quark-antiquark mesons, the exchanged gluons localize inside a narrow stringlike tube connecting the quarks, a non-vibrating fluxtube of colored strong force flux lines. In a Hybrid meson, in the fluxtube model description, a quark-antiquark pair couples directly to the vibrational degrees of freedom of the gluonic fluxtube. Hybrid mesons therefore contain explicit valence gluons, as opposed to the hidden gluons in ordinary mesons [3] . Understanding explicit gluons is critical, considering that most of the hadron mass is made of gluons. To understand color confinement, whereby individual colored quarks and gluons cannot exist in isolation, but are rather confined inside colorless hadrons, it is of major importance and relevance to establish the existence of Hybrid mesons and to study their properties.
Input from experiments is needed to guide us to better understanding. Evidence from completely different experiments is needed to show that the present evidence [5] is not the result of some incorrectly interpreted artifice. GSI Darmstadt [6] proposes an exotic meson program via a new facility for pp reactions. The planned $150M 12 GeV JLab upgrade focuses on Hybrid meson studies at JLab Hall D [7] . Future experiments at Fermilab CDF and D0 may measure double-Pomeron production of exotic mesons [8] . Further BNL, VES, Crystal Barrel results [9, 10, 11] (from analysis of completed experiments) and further theoretical calculations are becoming available. Including this proposal for Primakoff production of Hybrids, COMPASS has a multi-faceted Hybrid meson research program [12, 13] . COMPASS [14] is thus strategically positioned to achieve Hybrid data significantly earlier and cleaner and lower cost and with complementary methods than all other planned efforts. The Primakoff production of Hybrids in COMPASS is part of a more global Primakoff physics program, involving studies of pion and Kaon polarizabilities, and studies of the chiral anomaly [14, 15] .
The COMPASS Hybrid meson Primakoff searches [15, 16, 17] will focus on 'oddballs'-mesons with quantum numbers not allowed for ordinarystates, such as I G J P C = 1 − 1 −+ Hybrids. Unlike Glueballs, these cannot mix with normalmesons. However, since such oddballs could also be four-quark states, the spin assignment is not sufficient to make the Hybrid identification [18] . In some cases, there are yet other theoretical interpretations [19, 20] for the experimental signals. From previous experimental efforts, a number of 1 −+ resonant signals were reported [9, 10, 11] at masses between 1.4 and 1.9 GeV in a variety of decay channels, including the ρπ channel. The signature for such an exotic state is that a detailed partial wave analysis (PWA) of a large data sample requires a set of quantum numbers which is inconsistent with a regular (qq) meson. To achieve increased confidence in the Hybrid interpretation, further complementary evidence is sorely needed. The path to understanding requires that different experiments, with important input from COMPASS, provide a large database of candidate Hybrid states, and their properties.
Barnes and Isgur, using the flux-tube model [21, 22] , calculated the mass of the lightest pionic hybrid to be around 1.9 GeV, with the quantum numbers of J P C = 1 −+ . Close and Page [23] predict that such a pionic hybrid should decay into the following channels:
where the numbers refer to the partial widths in MeV. They expect its total width to be larger than 235-270 MeV, since the ss decay modes were not included. Recent updates on hybrid meson structure are given in Refs. [3, 24, 25] From more than a decade of experimental efforts at IHEP [26, 27, 28] , CERN [9, 29] , KEK [30] , and BNL [10] , several hybrid candidates have been identified. BNL E852 [10] reported two J P C = 1 −+ resonant signals at masses of 1.4 and 1.6 GeV in ηπ − and ηπ 0 systems, as well as in π + π − π − , π − π 0 π 0 , η ′ π − and f 1 (1285)π − . The VES collaboration presented [11] the results of a coupled-channel analysis of the π 1 (1600) meson in the channels ρπ, η ′ π and b 1 (1235)π. Their results, and those of the crystal barrel collaboration [9] , are consistent with the BNL results.
The kinematic variables for the πγ → HY → π − η Primakoff process in COMPASS are shown in Fig. 1 . A virtual photon from the Coulomb field of the target nucleus interacts with the pion beam. This photon by Vector Dominance Model (VDM) behaves like a ρ 0 meson. For a given Hybrid (π 1 ) partial decay width Γ(π 1 → πρ), VDM gives an associated radiative width Γ(π 1 → πγ). As the Primakoff cross section is proportional to Γ(π 1 → πγ), all Hybrids that decay to the πρ channel should be produced in the Primakoff reaction. In Fig. 1 , a Hybrid meson is produced and decays to π − η at small forward angles in the laboratory frame, while the target nucleus (in the ground state) recoils coherently with a small transverse kick p T . The peak at small target p T used to identify [31] the Primakoff process is observed by using the beam and vertex and other COMPASS detectors to measure the beam pion and final state Hybrid momenta. Primakoff scattering is an ultra-peripheral reaction on a virtual photon target. The initial state pion and final state Hybrid are at a distance more than 100 fm from the target nucleus, such that there are no final state interactions [32] . This follows from the uncertainty principle, considering that the impact parameter is the conjugate variable to the extremely small four-momentum transfer to the target nucleus in a Primakoff reaction.
Consider some typical experimental angular distributions, such as those for the π − γ → ηπ for different values of the ηπ invariant mass. If these events are associated with the production and decay of a J P C = 1 −+ (dūg) Hybrid state, which are quantum numbers not possible for a regularmeson, then a detailed partial wave analysis (PWA) of a large data sample of such ηπ events (centered at a given mass, with a given width, and with appropriate resonance phase motion) would require these quantum Z'(P' ) numbers. The partial-wave analysis (PWA) of systems such as ηπ or η ′ π in the mass region below 2 GeV requires care and experience. This is so because (1) in experiments to date, this region is dominated by the strong 2 + 'backgrounds' (a 2 and π 2 resonances), and (2) that the PWA may give ambiguous results [27] for the weaker 1 −+ wave. For Primakoff production, the 1.6 GeV hybrid production cross section increases relative to the close lying π 2 state, considering the estimated radiative widths. These are Γ(π 2 → πγ) ≈ 100 keV, and Γ(π 1 → πγ) ≈ 1000 keV as discussed in Section 5. In contrast, the BNL experiment has a background some 10 times stronger than the signal. Such reduced backgrounds should significantly diminish the partial wave analysis uncertainties compared to the non-Primakoff production experiments for the 1 −+ wave. It would then very significantly allow the Hybrid to be observed in the mass spectrum, not only via PWA. Furthermore, in Primakoff (photon exchange) hybrid production, besides the absence of final state interactions, meson exchange and diffractive backgrounds are strongly suppressed. Since these latter processes occur at larger values of the four-momentum transfer t, they are eliminated by the software analysis cut that selects the low-t Primakoff events. These are important advantages compared to previous π − p → Hybrid production experiments [16, 17] . Preliminary low statistics Hybrid production data [31] via Primakoff scattering already gave encouraging initial results for production of the 1.6 GeV 1 −+ Hybrid. The data at low-t showed signs that the Primakoff signal stands out above the underlying backgrounds.
One can summarize the situation as follows. For Primakoff scattering, the Hybrid meson production cross section depends on the strength of its πρ coupling, since the virtual photon target behaves like a ρ by the vector dominance model. Both BNL and VES claim this decay mode for the 1.6 GeV Hybrid candidate. A γp → Meson low statistics photoproduction experiment [33] also observed resonances (including near 1.9 GeV) in the πρ channel, suggesting also Hybrid interpretations. The relevant Primakoff reactions are: π − γ → Hybrid → ρπ, ηπ, η ′ π, b 1 (1235)π, πf 1 , etc. COMPASS can study Primakoff production of strange and non-strange light-quark hybrid mesons in the 1.4-3. GeV mass region, including all the hybrid candidates from previous studies.
KAONIC HYBRID MESONS
The quark content of the hybrid meson (qqg) nonet should be identical to the quark content of the regular meson (qq) nonet, with the identical SU(3) decomposition in the plane of isospin I 3 and hypercharge Y, for the 1 − and other spin-parity states. Thus, for every pionic (dūg) 1 −+ Hybrid, there should be as well a flavor excited Kaonic (sūg) 1 − Hybrid, at an excitation energy roughly 100-140 MeV higher than its pionic Hybrid cousin, considering the larger s-quark mass, and with comparable width. COMPASS may observe the Kaonic Hybrids via K − Z → Hybrid → K − ρ 0 Z, as well as in other decay modes, for Primakoff scattering on a nucleus with atomic number Z. As in the case of the pionic Hybrids, the backgrounds should be low from Primakoff excitation of normal Kaonic mesons. The first ever measurement of the Kaonic Hybrids via Primakoff scattering would be of inherent interest, but would also provide valuable support that the analogous pionic signals are properly identified as Hybrids. Searches for ssg Hybrids via K − p → Hybrid have also been proposed [34] .
MESON RADIATIVE TRANSITIONS
COMPASS will also study Primakoff radiative transitions leading from the pion to the ρ − , a 1 (1260), and a 2 (1320); and for the kaon to K * . The data are obtained with a particle multiplicity trigger [17] . Radiative transition widths are predicted by vector dominance and quark models. Independent and higher precision data for these and higher resonances would be valuable as a check of the COMPASS apparatus and in order to allow a more meaningful comparison with theoretical predictions. For example, the ρ → πγ width measurements [35, 36, 37] range from 60 to 81 keV; the a 1 (1260) → πγ width measurement [38] is 0.64 ± 0.25 MeV; and the a 2 (1320) → πγ width is is Γ = 295± 60 keV [39] and Γ = 284 ± 25 ± 25 keV [40] . For K * → Kγ, the widths obtained previously are 48 ± 11 keV [41] and 51 ± 5 keV [42] . The above references describe very well the formalism for Primakoff production of excited mesons, the same formalism that we use for the Primkoff production of Hybrids.
These measurements are important for a variety of reasons: (1) COMPASS can significantly improve their precision, (2) COMPASS can get data for othermeson excited states, (3) these measurements test our methodologies and help calibrate our apparatus for the Hybrid studies.
DETAILED DESCRIPTION OF APPARATUS
COMPASS is a fixed target experiment which runs with a 160 GeV polarized muon beam and with pion/proton beams. In order to achieve a good energy resolution within a wide energy range, COMPASS is designed as a two stage spectrometer with 1.0 Tm and 5.2 Tm conventional magnets. The tracking stations are composed of different detector types to cover a large area while achieving a good spatial resolution in the vicinity of the beam. Most of the tracking detectors operate on the principle of gas amplification, while some are silicon strip detectors. At the end of each stage, an electromagnetic and a hadronic calorimeter detects the energies of the gammas, electrons and hadrons. The calorimeters of the first stage and the EM calorimeter of the second stage have holes through which the beam passes.
In COMPASS, two beam Cherenkov detectors (CEDAR) far upstream of the target provide π/K/p particle identification (PID). The incoming hadron momentum is measured in the beam spectrometer. Before and after the target, charged particles are tracked by high resolution silicon tracking detectors. The measurement of both initial and final state momenta provides constraints to identify the reaction. The final state meson momenta are measured downstream in the magnetic spectrometer and in the γ calorimeter, respectively. These measurements allow a precise determination of the small p T kick to the target nucleus, the main signature of the Primakoff process, and the means to separate Primakoff from meson exchange scattering events.
We consider the beam, target, detector, and trigger requirements for Hybrid studies [15, 17] . The Sept. 2002 status of the COMPASS apparatus is described in Ref. [32] .
Beam Requirements
We can get quality statistics for the pion study with high beam intensities at the CERN SPS. We will take data with different beam energies and targets, with both positive and negative beams, as part of efforts to control systematic errors.
For the 120-300 GeV hadron beams, particle identification (PID) is needed to provide pion, kaon, proton beam tag for positive and negative beams at different beam energies. For the COMPASS beam, one expects [14] a beam intensity of 100 MHz, with beam composition [43] roughly: 120-300 GeV/c, negative, 87-98% pions, 7-1% kaons, 2%-1% antiprotons; 120-300 GeV/c, positive, 43-2% pions, 7-1% kaons, 49-97% protons. PID is accomplished at CERN with CEDAR detectors, CErenkov Differential counter with Achromatic Ring focus. There are two CEDAR detectors (in series) in the COMPASS beamline [44] . They each have eight large area PMTs arranged in a circle, preceded by a single light diaphragm (LD) to finely fix a ring radius. For the PID, a six-fold coincidence is required. The gas pressure is varied to set the ring radius of pions or Kaons or protons at the LD location, to choose one of the particle types. The Narrow diaphragm mounted in CEDAR-N separates kaons from pions up to 300 GeV/c and can detect protons down to 12 GeV/c.
Target and Target Detectors
The target platform is movable and allows easy insertion of a normal solid state target, e. g. a cylindric lead plate 40 mm in diameter and 3 mm in width. We use silicon tracking detectors before and immediately after the targets. These are essential for Primakoff reactions as the scattering angle has to be measured with a precision of order 100 µrad, because it contains much of the information. We veto target break-up events by a target veto recoil detector, and by selecting low-t events in the off-line analysis. A particle momentum of about 100 MeV should be sufficient to trigger a veto coincidence in its scintillator and Lead glass layers.
The γ Calorimeter ECAL2
The COMPASS γ detector is equipped with 3.8 by 3.8 cm 2 GAMS lead glass blocks to make a total active area of order 2m diameter. The central area is already completely instrumented with modern ADC readouts. For the precise monitoring of the energy calibration of the photon calorimeters, COMPASS will use LED and laser monitor systems, as described in Ref. [45] . The position resolution in the second γ calorimeter ECAL2 for the photon is 1.0 mm corresponding to an angular resolution of 30 µrad. In the interesting energy range the energy resolution is 2-3%. The photon acceptance is 98% due to the beam hole of ECAL2 while the reconstruction efficiency is 58% as a result of pair production within the spectrometer.
As can be seen in Fig. 1 , COMPASS needs to also detect ηs for the hybrid study. The two γs from η decay have half-opening angles θ h γγ for the symmetric decays of θ h γγ = m/E η , where m is the mass (η) and E η is the η energy. Opening angles are somewhat larger for asymmetric decays. In order to catch about 50% of the decays, it is necessary to subtend a cone with double that angle, i.e. ±2m/E η , neglecting the angular spread of the original ηs around the beam direction. Consider an ECAL2 γ detector with a circular active area with 2m diameter. Consider the πη channel. For an ECAL2 of 1 m radius at 30 m from the target, ηs above E η =33 GeV are therefore accepted. At half this energy, the acceptance practically vanishes. The acceptance of course depends on the Hybrid mass, mostly between 1.4 and 3. GeV for the planned COMPASS study. Detailed Monte Carlo studies are needed for the different possibly Hybrid decay modes, for a range of assumed masses. For the πf 1 channel, with for example f 1 → ππη, the ηs will have low energy, and therefore large gamma angles. To maintain good acceptance for low energy ηs, the ECAL2 diameter should be 2m.
The available COMPASS ECAL does not have radiation hardened blocks near the beam hole. If those will be available, it would allow increasing the beam intensity a factor of five, to allow substantially more statistics for the same run time. This would clearly be a cost-effective improvement.
The Magnetic Spectrometer and the t-Resolution
The p T kicks of the COMPASS magnets are 0.3 GeV/c for SM1 (4 meters from target) and 1.56 GeV/c for SM2 (16 meters from target). The fields of both magnets are set in the same direction for maximum deflection of the beam from the zero degree (neutral ray) line. We achieve good momentum resolution for the incident and final state charged and neutral mesons, and therefore good four momentum t-resolution. The relative momentum resolution for charged π with all interactions accounted for is 1% for energies above 35 GeV and up to 2.5% below this mark. The angular resolution in a single coordinate for a charged pion of momentum p is 7.9 mrad-Gev/p. The reconstruction efficiency for pions with energy greater than 2 GeV is 92%.
The angular resolution for a final state charged meson is controlled by minimizing the multiple scattering in the targets and detectors. With a lead target of 0.8% interaction length (1.6 g/cm 2 , 24% radiation length), multiple Coulomb scattering (MCS) of the beam and outgoing pion in the target gives an rms angular resolution of order 32µrad, small compared to the intrinsic tracking detector angular resolution. The target contributes to the resolution of the transverse momentum p T via the p T generated through MCS. Considering t = p 2 T , including all other effects [15, 17] , we aim for a p T resolution less than 15 MeV, corresponding to ∆t better than ≈ 2.5 ×10 −4 GeV 2 .
This resolution will allow an effective t-cut to separate contributions to the data from diffractive and meson-exchange processes. Minimum material (radiation and interaction lengths) in COMPASS will also give a higher acceptance, since that allows γ's to arrive at ECAL2 with minimum interaction losses, and minimum e + e − backgrounds.
The COMPASS Primakoff Trigger
We design [15, 16, 46] the COMPASS Primakoff hybrid meson trigger to enhance the acceptance and statistics, and also to yield a trigger rate closer to the natural rate given by the hybrid cross sections. We may veto target break-up events via veto scintillators around the target. For hybrid meson physics, the trigger uses the characteristic decay pattern: one or three charged mesons with gamma hits, or three charged mesons and no gamma hits. The trigger [15, 16, 46] for the πη hybrid decay channel (charged particle multiplicity =1) is based on a determination of the pion energy loss (via its characteristic angular deflection), correlated in downstream scintillator hodoscopes stations (H1 versus H2) with the aid of a fast matrix chip, as shown in Fig. 2 . This trigger is a copy of the currently running muon beam energy loss trigger [32] . We will use the Beam Kill detectors BK1/BK2 as a veto trigger only for low intensity tests. These detectors are positioned in the pion beam trajectory, as shown in Fig. 2 , but they can not handle the full 100 MHz beam rate.
OBJECTIVES AND EXPECTED SIGNIFICANCE
COMPASS can study pionic hybrid meson candidates near 1.4, 1.6, 1.9 GeV produced by the ultraperipheral Primakoff reaction. COMPASS should also be sensitive to pionic and Kaonic hybrids in the 1.4-3 GeV mass range. We may obtain superior statistics for hybrid states via a production mechanisms that is not complicated by hadronic final state interactions. We may also get important data on the different decay modes in both pionic and Kaonic channels.
We make initial rough estimates of the statistics attainable for hybrid production in the COMPASS experiment. Monte Carlo simulations will refine these estimates. We assume a 1.6 mb cross section per Pb nucleus for production of a 1.6 GeV Hybrid meson. This estimate is based on a straightforward application of VDM with ρ − γ coupling g 2 ργ /π=2.5, which gives a width of Γ(π 1 → πγ) = 1 MeV for a 1.6 GeV π 1 Hybrid, assuming BNL data and from VES [28] data that Γ(π 1 → πρ) ≈ 130 MeV. Integrating the Primakoff Hybrid production differential cross section for a 280 GeV pion beam with this Γ(π 1 → πγ) width gives 1.6 mb [16, 31] .
We consider a pion beam flux of 2 × 10 7 pions/sec, with a spill structure that provides a 5 second beam every 16 seconds. In 2 months of running at 100% efficiency, we obtain 3.2× 10 13 beam pions. Prior to the data production run, time is also needed to calibrate ECAL2, to make the tracking detectors operational, to bring the DAQ to a stable mode, and for other contingencies. We use a 0. Magnet 2 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 00 00 00 00 00 00 00 00 00 00 00 00 00 tracking (92%), γ detection (58% for each γ), accelerator and COMPASS operation (60%), analysis cuts to reduce backgrounds (75%), branching ratio for the η → 2γ and η → π + π − π 0 decay modes (≈ 62%), trigger efficiency (≈ 70%), geometrical acceptances (≈ 90%), π 0 and η reconstruction from two γ hits (≈ 45%), and event reconstruction efficiencies (≈ 60%), we estimate a global efficiency of ǫ(total)= 1.5%. We will assume here the same average detection efficiency for all Hybrid decay modes, via ρπ, ηπ, η ′ π, πb 1 , πf 1 . Therefore, we may expect to observe a total of 7.7 ×10 6 Hybrid decays in all decay channels for the 1.6 GeV Hybrid. For example, following the Close and Page predictions, we may expect 24% in πf 1 , 2-8% in πρ, 67% in b 1 π, 0-4% in ηπ, 0-4% in η ′ π, etc.
For 2, 2.5, 3.0 GeV mass Hybrids, assuming that they have the same radiative widths, the number of useful events decreases by factors of 6, 25, and 100, respectively. But even in these cases, assuming again a global 1.5% efficiency, that would represent very interesting potential samples of 13×10 5 , 3.1×10 5 , and 0.77 ×10 5 Hybrid meson detected events, with masses 2, 2.5, and 3 GeV respectively.
Taking into account the very high beam intensity, fast data acquisition, high acceptance and good resolution of the COMPASS setup, one can expect from COMPASS the highest statistics and a 'systematics-free' data sample that includes many tests to control possible systematic errors. Intercomparisons between COMPASS and past plus new experiments [6, 8] , with complementary methodologies, should allow fast progress on understanding Hybrid meson structure, their production and decay characteristics, and on fixing the systematic uncertainties.
